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Infrared spectroscopy has been employed in a study of the degradation of heritage Sydney 
sandstone used in St Mary’s Cathedral in Sydney, Australia. Spectra were used to 
characterise the clay components taken from weathered and unweathered sandstone blocks 
removed from the Cathedral as part of a restoration programme. Two types of kaolin clays - 
kaolinite and its polymorph, dickite – have been identified. A higher amount of dickite 
present in the clay of weathered sandstone indicated that a kaolinite-to-dickite transformation 
occurs upon weathering. X-ray photoelectron spectroscopy was also used to confirm the 
presence of a more thermally stable polymorph of the kaolinite in the sandstone. 
 




A number of heritage buildings located in Sydney, Australia, are built from locally 
quarried sandstone and contribute a unique character to the city. After a period of exposure to 
the elements, sandstone buildings in Sydney are showing signs of deterioration. The majority 
of heritage sandstone buildings exhibit a golden brown colour upon weathering of the 
“yellow block” sandstone and the appearance of such colour is a result of the oxidation of 
iron rich minerals in the stone [1]. Although Sydney sandstones retain detailed carving and 
the integrity of the stone structure on weathering, they are relatively brittle compared to the 
less weathered part of the stone core and can be shattered by the application of a minor force. 
In order to determine the appropriate conservation techniques for such buildings, it is 
important to gain a thorough understanding of the method of degradation of the building 
stones.  
Sydney yellow block sandstones typically contain relatively large amounts of sand 
(60-68%) bound together by a 16-25% clay-based matrix, with small quantities of impurities 
including iron-rich minerals [1]. The focus of this study is the cementing clay component of 
the stone as the clay is critical to the integrity of the material. Infrared spectroscopy and X-
ray photoelectron spectroscopy (XPS) have been used to compare the clays isolated from 
weathered and unweathered sandstones obtained from St Mary’s Cathedral in Sydney. 
Sandstone removed from the cathedral was part of a restoration programme by the Heritage 
Group of the New South Wales Department of Planning. In addition, clays samples with non-
structural iron removed were also investigated in order to determine the significance of the 
impurities in the analyses.  
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Materials and methods 
 
Materials 
Sandstone samples from St Mary’s Cathedral were supplied by Gosford Quarries Pty 
Ltd (Australia). The samples obtained were the more extensively decayed yellow block 
sandstones replaced in recent years as part of restoration programmes in Sydney. The 
weathered surfaces were separated from the unweathered cores of the decayed stones by use 
of a diamond saw and small amounts of water were employed as a coolant during cutting. 
  The clay-based material was separated from the sandstone samples. Both weathered 
and unweathered sandstones were manually crushed using a mortar and pestle and then 
mixed with distilled water (5 gL-1).  An ultrasonic probe with frequency of 20 kHz and 
energy of 20 W was used to dislodge the clay-based material from the sand particles [2,3]. 
The decanted clay materials were suspended in distilled water and particles ≤ 2 µm were 
collected using a gravity settling method according to Stokes’ Law [4,5]. The clay collected 
by centrifugation was dried in a 50ºC oven overnight and separated into two portions. One 
portion was stored in a desiccator until analysis and the second portion was further treated 
with Na2S2O3⋅5H2O and NaHCO3 to remove non-structural iron (iron impurities) from the 
clay samples [6]. Clay samples were treated with the same process three times. The washed 
solutions were combined and inductively coupled plasma - atomic emission spectroscopy 
(ICP-AES) was used for the elemental analysis of both weathered and unweathered samples 
to ensure total removal of non-structural iron. Standard ordered kaolinite from the Kentucky-




 Mid-infrared spectra were recorded using a Nicolet DRIFT sampling accessory in a 
Nicolet Magna-IR 760 Fourier transform infrared (FTIR) spectrometer. For each sample, 6 
mg of powdered sample was finely ground with 40 mg of KBr powder using an agate mortar 
and pestle. Background spectra were recorded using ground powdered KBr. A resolution of 4 
cm-1 was used and 256 scans were collected for each sample.  
 
X-ray photoelectron spectroscopy 
 A Vacuum Generators XPS system (Sussex, England) with a monochromatic AlKα x-
ray source was used to produce the XPS spectra of the clay samples. The clay powder was 
sprinkled onto double-sided tape and secured onto the sample holder of the instrument [7]. 
The XPS system was operated with a 10 kV current and the pressure in the analyser chamber 
was 1.33 x 10-6 Pa.  Low resolution scans were collected at an energy of 50 eV with step size 
of 1 eV every 0.5 s, while high resolution scan was obtained at an energy of 20 eV with a step 
size of 0.5 eV every 6 s.  
 
Results and discussion 
 
FTIR spectroscopy 
The FTIR spectra obtained for both weathered and unweathered clay samples, as well 
as a spectrum of standard kaolinite, before non-structural iron removal were obtained. The 
spectrum of the O-H stretching region of the standard kaolinite shows a distinctive pattern of 
well crystallised kaolinite clay (Figure 1).  Four relatively sharp O-H stretching bands are 
detected, with the band at 3621 cm-1 arising from the intralattice hydroxyl groups (O-H 
groups between tetrahedral and octahedral sheets) in the kaolinite structure [8].  The band at 
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3697 cm-1 is associated with the stretching vibration of the interlayer hydroxyl groups (O-H 
groups between aluminosilicate layers) and the doublet between these two bands, with 
components at 3669 and 3654 cm-1, is due to the out-of-plane stretching vibrations [9]. By 
comparison, both the spectra of the weathered and unweathered clay samples before iron 
removal show a triplet of peaks at 3710, 3656 and 3621 cm-1 instead of the four peaks 
observed in the standard kaolinite. The band at 3621 cm-1 remains at the same position, while 
the peak arising from the stretching vibration of the basal plane hydroxyl groups shifts from 
3697 cm-1 for the standard kaolinite to 3710 cm-1 for the cementing clay. In addition, the 
intensity and sharpness of this peak for the cementing clay samples has changed compared to 
the same peak for kaolinite: lower intensity and broadened peaks are observed in both 
weathered and unweathered clay samples in comparison with peaks for standard kaolinite. 
The doublet representing the basal plane hydroxyl groups at 3669 and 3654 cm-1 has been 
replaced by one single peak at 3656 cm-1 in both the weathered and unweathered cementing 
clays. The replacement of the doublet by a single peak suggests that the cementing clay is a 
typical disordered kaolinite with some stacking patterns of its more crystallised polymorphs, 
dickite and nacrite, in its structure [9-11]. The shift of the peak representing the interlayer O-
H groups at 3697 to 3710 cm-1 in the cementing clays further confirms the structural 
deviation of the cementing clays compared to that of the standard kaolinite. The lower 
intensity and broadened profile of this peak in both weathered and unweathered cementing 
clays indicates the reduced crystallinity of the cementing clay compared to that of the 
standard kaolinite. The reduced crystallinity of the cementing clay may result in the 
weakening of the interlayer attraction making it more susceptible to degradation. 
Variations were also observed between the spectra for cementing clay samples prior to 
iron removal and for the standard kaolinite in the fingerprint region (Figure 2). A doublet 
observed in the standard kaolinite with peaks at 1116 and 1105 cm-1 merge to form one peak 
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in the weathered and unweathered clay samples at 1120 cm-1. The singlet indicates a 
difference in particle sizes or shapes in the samples clays [12,13]. A peak near 1100 cm-1 
arises from the asymmetric Si-O-Si stretching vibration [14] and the particle size is believed 
to be directly proportional to the intensity of this peak [15].  
A comparison of the bands at 941 and 916 cm-1 in the kaolinite and cementing clays 
spectra also shown differences (Figure 2). The intensity of the band at 916 cm-1 is higher than 
that of the band at 941 cm-1 in the spectrum of the standard kaolinite, while the intensities of 
the bands are similar in both the spectra of the weathered and unweathered cementing clay 
samples. The bands at 941 and 916 cm-1 are believed to arise from the Si-O stretching and Al-
O-H librations, respectively [16-18]. The observed deviation of the peaks at 941 and 916 cm-1 
suggests a slight difference in the crystal structure of the cementing clay in the sandstones 
compared to that of the standard kaolinite. 
Small changes are also observed to two weak bands at 798 and 759 cm-1. Both bands 
show equal intensity in standard kaolinite, while the band at 798 cm-1 in both cementing clays 
shows a higher intensity than that at 759 cm-1. The pattern of the two bands at 798 and 759 
cm-1observed in the cementing clay spectra appears similar to that of the dickite clay. The 
more intense peak at 798 cm-1 in the spectrum of the cementing clay provides evidence that 
the more ordered polymorph, dickite, is present [19]. The finding of dickite in the cementing 
clays may be due to a kaolinite-to-dickite transition as a result of structural changes in the 
kaolinite in the sandstone [20]. This transformation could be due to the depth of the original 
sandstone when quarried [21,22], temperature variation [23] and/or the porosity of the 
sandstone as high porosity and permeability allows for the precipitation of dickite from 
kaolinite and K-feldspar [24,25]. 
Weak shoulders at 3605 and 882 cm-1 are observed in the spectra of the clay. These 
arise from the O-H stretching and bending vibrations of AlFe3+OH where Fe3+ is substituted 
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Al3+ in the octahedral sites of the aluminosilicate structures [26]. This substitution is believed 
to be responsible for the recrystallisation of the second generation clay which retains the 
original aluminosilicate crystal structure. The newly recrystallised clay has a more ordered 
crystal structure with similar characteristics to dickite from the kaolin group. Although the 
substitution will ultimately destabilise the crystal structure of the cementing clay, it retains 
the 1:1 octahedral/tetrahedral aluminosilicate frame work at the initial stage of the 
degradation mechanism.  In addition, Fe3+, together with a mono valence cation, such as K+, 
is also believed to be substituting for Si4+ in the tetrahedral site [27].   
Although the features of the spectra obtained for the unweathered and weathered clay 
components are very similar, differences are noted in the relative intensities of the bands in 
these spectra. The intensities of the O-H stretching bands relative to the bands observed in the 
fingerprint region for the weathered sample are lower than the relative intensities observed 
for unweathered clay and standard kaolinite spectra. Additionally, within the O-H stretching 
region, the relative intensity ratio of the intra-layer O-H stretching band at 3656 cm-1 and the 
3621 cm-1 band is lower for the weathered clay compared to the ratio observed in the 
spectrum for the unweathered clay (Figure 1). The changes to the O-H bonds indicate that the 
hydrogen bonding in alumino-silicate layer of the clay is affected by weathering, contributing 
to the disruption of the clay structure. 
The spectra of the weathered and unweathered cementing clay and the standard 
kaolinite after non-structural iron removal show similar patterns to the spectra of the clays 
prior to the treatment of iron removal. Both weathered and unweathered cementing clays 
show the triplet in the O-H stretching region. The band at 3621 cm-1 remains unchanged, the 
two bands at 3656 and 3710 cm-1 are broadened furthered upon non-structural iron removal.  
In addition, these two bands appear to be more broadened in the weathered clay samples 
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compared to the unweathered clays. The fingerprint regions of the clays after iron removal 
show the same features as the spectra before iron removal. 
 
XPS spectroscopy 
 The low resolution XPS spectra of the weathered and unweathered clay samples before 
non-structural iron removal indicate the presence of aluminium, silicon, carbon and oxygen 
(Figure 3) [28,29]. These elements arise from the aluminosilicate structure and other minerals 
in the cementing materials in the sandstones, such as carbonates and metal oxides. A binding 
energy near 700 eV is observed only in the weathered clay samples, suggesting the presence 
of a small amount of iron in the cementing clay structure. In order to obtain better resolution 
of the iron peaks, a high resolution scanning was performed from 700-740 eV. The high 
resolution XPS spectra of all the weathered clay samples show typical patterns of iron bonds 
in its two spin-orbits around 700 eV (Figure 4). The spectra of the treated clays are noisy due 
to the low iron concentration and the relatively high detection limit of the instrument; 
nonetheless, the presence of iron in the weathered clay samples is evident.  
 The results confirm that iron exists as both structural and non-structural iron in the clay 
samples, although it appears to be mostly non-structural iron. The high resolution XPS 
spectra reveal the presence of iron in the aluminosilicate structure which cannot be removed 
through treatment. This result agrees with findings by several other researchers [30-32]. 
Although iron was not detected in the unweathered clay samples using this method (with a 
detection limit of 6 ppm), it has been detected in lower concentrations using ICP – AES. 
Although there is no indication as to whether the iron peaks detected are that of Fe3+ or Fe2+, 
a similar XPS pattern has been observed in the analysis of Fe3+ in nontronite, a 2:1 
dioctahedral smectite clay mineral with Fe3+ as the predominant octahedral cation [33].  Since 
Fe3+ has the same charge as Al3+ in the aluminosilicate structure, isomorphous substitution 
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readily occurs when the source of iron is abundant. Sandstones are natural materials which 
contain several iron rich minerals. With FeCO3 (siderite), FeS2 (pyrite) and amorphous 
goethite [α-FeO(OH)], together with a trace amount of iron in groundwater, a sufficient 
amount of iron is available for substitution to take place. The iron in these compounds exists 
in the ferrous (Fe2+) state due to the low concentration of dissolved oxygen, once the stones 
are quarried and exposed to air, the ferrous iron is oxidised to the ferric (Fe3+) state [1]. 
Although the substitution of Al3+ in the octahedral sites by Fe3+ is a common phenomenon in 
the crystal structures of clay minerals, other types of substitution, such as the substitution of 
Si4+ by Fe3+ and K+, is also possible [31,34-36]. This finding supports the FTIR results, where 
AlFe3+OH was detected in the cementing clay structure. 
These findings are in agreement with the results of a study of the St Mary’s Cathedral 
sandstone using thermal analysis and X-ray diffraction [37]. TGA and DSC analysis of clays 
extracted from weathered and unweathered sandstone demonstrated that a polymorphic clay 
structure such as that of dickite was found in the clay material, resulting in an extra peak in 
the dehydroxylation region. XRD hot stage results supported the proposal of the presence of a 
more ordered clay structure in the cementing material.   
 
Conclusions 
A deviation from the crystal structure of standard kaolinite to its more ordered 
polymorph, dickite for sandstones was demonstrated by FTIR spectroscopy. Hydrogen 
bonding in the interlayer regions of the aluminosilicate layers from the cementing clay 
decreases upon weathering, contributing to the weakening of the clay structure. Cation 
substitution by Fe3+ for Al3+ in the octahedral sites of the clay layers is observed in iron rich 
sandstone such as Sydney sandstone. Although substitutions of these types destabilise the 
crystal structures of the cementing clay, the phenomenon ensures the retention of the integrity 
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of the overall aluminosilicate structure. The XPS results imply that a large amount of iron is 
present in the weathered sandstone samples. Iron peaks are still observed upon non-structural 
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